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Abstract

In this paper a traffic assignment model is specified in road emergency
conditions. The proposed model takes into account two classes of users: some
users in emergency conditions repeat the same choice made in ordinary
conditions, some others make a different choice. The basic concept for the
proposed model is derived from day-to-day models. The path choice model,
which is inside the traffic assignment model, has to take into account three types
of information which influence users’ choices: historical information related to
network experience in ordinary conditions, real time information related to the
current emergency situation, and users’ forecasting of the network evolution
based on current experience. A non-equilibrium dynamic model is adopted in
order to simulate path flows on the network. A review of static and dynamic
traffic assignment models in emergency conditions is reported.

Keywords: traffic assignment, dynamic traffic assignment, dynamic equilibrium,
day-to-day models, non-equilibrium models.

1 Introduction

A traffic assignment (TA) model simulates how travel demand and transport
networks interact in transportation systems. These models allow the calculation
of performances (costs) and vehicular flows on each element (link) of the
transport network, resulting from origin—destination demand flows, users’ path
choice behaviour and link costs.

TA models may be classified according to different criteria. The first one
concerns the dependence of link cost variables on vehicular flows. Fixed costs or
uncongested networks result in non-equilibrium traffic assignment models.
Variable costs or congested networks lead to equilibrium traffic assignment
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models. Equilibrium consists of finding path (link) flows mutually consistent
with the corresponding path (link) costs. This problem can be formulated with
fixed-point models, variational inequalities or optimization models [1].

Two kinds of equilibrium traffic assignment models are present in the
literature: User Equilibrium and System Optimimum. The former consists of
finding path flows (First Wardrop principle), in order for a user to minimize their
individual costs. On the other hand, the latter consists of finding path flow—path
cost consistency (Second Wardrop principle), in order to achieve the minimum
total cost on the network, although some users may follow a non-minimum cost
path [2].

The second criterion allows the classification of Traffic Assignment models
into Static (STA) and Dynamic (DTA) models. STA models simulate a transport
system in stationary conditions, when travel demand, path choices and the
transport network are consistent in a reference time. DTA models remove
stationary assumptions, allowing transport system evolution to be represented as
in the case of emergency conditions when travel demand peaks, temporary link
and node capacity variations, queue formation and dispersion occur. Therefore
STA models achieve reasonable results when the time horizon simulation is long
enough to assume stationary conditions. On the contrary, when frequent changes
in network features and demand occur, like in emergency conditions, the
stationary hypothesis cannot be assumed.

In the last few years, researchers and authorities have focused attention on
transportation system simulations in emergency conditions. Therefore many
issues have been treated and several works are available in the literature. An
overview of the risk evaluation and general methodology applied in road
evacuation can be found in [3, 4]. In order to model a transportation system, the
travel demand system, transport supply system and their interactions have to be
simulated: for travel demand simulations in emergency conditions please refer to
[5-9]; for transport supply simulations and traffic assignment in emergency
conditions please refer to [10, 11]. Dynamic routing of emergency vehicles is
treated in [12, 13]. Evacuation planning methods and tools available in the
literature were analysed in [14—18].

In this paper traffic assignment in emergency conditions is treated. A dynamic
model is given which allows the calculation of path flows related to each origin-
destination o-d pair in emergency conditions, taking into account both the
behaviour of users who reconsider the choice made in ordinary conditions and
users who do not reconsider the choice made in ordinary conditions. The main
attention is focused on a path choice model in emergency conditions. Path flows
related to each o-d pair in emergency conditions are then simulated through a
dynamic non-equilibrium model.

After this introduction, Section 2 reports a general view of static and dynamic
models applied in emergency conditions; Section 3 describe a dynamic
algorithm; in Section 4 the proposed model is specified; in Section 5 the non-
equilibrium model is described; final remarks are reported in Section 6.
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2 Static versus dynamic models in emergency conditions

In general, traffic assignment models consist of three groups of models: the
demand model, supply model and demand-supply interaction model. Demand
models may be monoclass or multiclass and, in relation to the time in which
route choice is made, they may be pre-trip, en-route or hybrid. Supply models
may be macroscopic, mesoscopic and microscopic, and information to users may
be available (historical or real time) or unavailable. Demand-supply interaction
may be non-equilibrium like Network Loading (NL), equilibrium like System
Optimum (SO) or User Equilibrium (UE) or Boundedly Rational (BR).

In the following we are going to propose a classification of STA and DTA
models (see Figure 1): the time in which route choice is made (demand model)
and assignment adopted approach (demand-supply interaction model) are
considered. The STA models may be non-equilibrium or equilibrium. For the
stationary hypothesis, travel time remains unchanged: therefore users’ choices
are completely pre-trip. Similarly, DTA models may be non-equilibrium or
equilibrium. In emergency conditions the stationary hypothesis is eliminated:
new concepts of instantaneous travel time and experienced travel time have to be
introduced. Route travel time is obtained summing travel times of links which
belong to the considered route. The instantaneous travel time is calculated
considering the links travel time at the origin departure time. The experienced
travel time is calculated considering links travel time at the moment in which the
single link is approached.

Non-equilibrium HNetwork Loadingl

Constant Travel

User Equilibriumj= pre-trip choice Time

Equilibrium

pre-trip and/or Constant Travel

System Optimum en-route choice Time

Instantaneus
Travel Time

pre-trip updated H

MODELS

Non-equilibrium HNetwork Loading

pre-trip and/or Instantaneus
en-route choice Travel Time
e pre-trip and/or Experienced
User Equilibrium en-route choice Travel Time
Equilibrium . pre-trip and/or Experienced
System Optimum J Len-route choice Travel Time
Figure 1: Traffic assignment models classification.

First, non-equilibrium DTA models are treated and instantaneous travel time
is considered. Users might choose pre-trip, periodically updating travel time:
shortest routes are regularly updated considering current traffic conditions and
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assignment is repeated considering new vehicles which are beginning the trip
[19]. Otherwise, users might choose using a hybrid approach: choice is made pre
trip and modified en route in relation to actual network conditions. Therefore
travellers are allowed to abandon the current chosen route for a better one;
because of link travel times changes occurred after the previous route choice.

Second, equilibrium DTA models are explained. The steady conditions
hypothesis is no longer valid: therefore the equilibrium concept has to be
formulated in a different way. Users make route choice based on currently
experienced times on the network, which depend on the departure time. Hence,
users experience the same travel time on the network only if they are travelling
between the same o-d pair and left at the same departure time [19].

In addition to this, another concept of dynamic equilibrium is available in the
literature. In ordinary conditions it is reasonable to assume that users have an
exact travel time perception and base choices on their experience of the network:
when users have a certain experience of the network, equilibrium is achieved and
all users experience the same travel time.

Emergency conditions rarely occur and therefore users have no experience of
the network. Hence, equilibrium, as defined in ordinary conditions, cannot be
achieved. A perceived utility has to be specified to introduce the equilibrium
concept in emergency conditions. Attributes used for utility specification may
be: travel time, departure time, network reliability, forecasted conditions,
early/late penalty and so on. It follows that the Wardrop equilibrium concept can
be re-written in the following way: “the perceived utilities of all routes actually
used are equal and less than those which would be experienced by a single
vehicle on any unused route”. In other words, dynamic equilibrium is achieved
when the perceived utility is the same for all users, but the travel time is not
necessarily the same. In detail, in [20], the perceived utility is called the payoff
and the dynamic equilibrium is stated as follows: “A dynamic equilibrium
solution is the set of departure rates over a time interval T that a) provides all
identical commuters the same payoff; and, b) has a utility greater than the utility
obtained by departing at a time outside the interval T (not necessarily
contiguous)”.

3 A dynamic algorithm

The solution of the dynamic equilibrium is obtained by an iterative process,
characterized by a non-definite number of steps. As a consequence “DTA models
usually find and approximate equilibrium which sufficiently converges to true
equilibrium and that is obtainable in a reasonable amount of time” [19]. As
stated in [19], the features of a DTA solution can be summed up as follows:

e vehicles departing at different times are assigned with different routes;

e vehicles departing at the same departure time between the same o-d pair
but taking different routes should have the same experienced travel
time;

e cexperienced travel time cannot be realized at departure, but only at the
end of the trip.
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According to [19], three algorithms have to be used iteratively in order to find
an equilibrium solution:
e network loading, which calculates route travel times;
e path set update which calculates the shortest paths;
e path assignment adjustment, which assigns vehicles to routes in
order to approximate the dynamic equilibrium.

After performing Path Assignment Adjustment, the algorithm returns to the
route evaluation step in order to determine the traffic pattern that would result
from the new route choices (route flows). Thus, the three steps work in a
sequential way: the output of network loading provides the input for path set
update; the output of path set update provides the input for path assignment
adjustment; and the output of path assignment adjustment provides the input for
network loading. These three steps are repeated until a stopping criterion is met.

4 Dynamic proposed model

Dynamic models are introduced in order to take into account changes in demand
and supply, which usually occur during emergency situations. Dynamic
equilibrium concepts available in the literature are explained in Section 2. One of
the main issues to be investigated is related with users’ experience of the
network. On the one hand, because of users’ lack of experience on the network in
emergency conditions, equilibrium, as stated in static conditions, cannot be
achieved. On the other hand, users’ choices are influenced by experience of the
network in ordinary conditions.

In the proposed model, whose basic concept is inspired by day-to-day
dynamic models [21-26], influence of users’ experience of the network on users’
choices is taken into account. The proposed model allows the calculation of path
flows related to each o-d pair, hyg', considering two different components. The
proposed model can be specified as follows:

hodt =a- dod : podt'(vt) + (1—(1) ’ hodt_l (1)

In the following the two components which compose the model, variables and
parameters are explained. It is worth noting that variables with t as superscript
refer to current emergency conditions, whereas those with t-1 as superscript refer
to the previous day ordinary conditions. The first component describes the
behaviour of users who reconsider the choice made in ordinary conditions, in
relation to actual emergency network conditions. This component depends on:

e  q, the probability to reconsider the choice made in ordinary conditions;

e  d,, the travel demand on the considered o-d pair;

e pod, the probability to choose a path different to the one chosen in

ordinary conditions.

The probability to choose an alternative path, p,q, depends on the systematic
utility, V', calculated considering both the actual path costs g, evaluated in
emergency conditions, and the expected systematic utility on the previous day
V!, based on ordinary conditions network experience. These two factors, g’ and
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V*! have a different weight on the V' calculation, provided through the p and 1-
[ values. A possible formulation is:

Vi=B g+ (1-B) - V*! )

In its turn, V"' is calculated using (2): therefore it takes into account
experience related to ordinary conditions on the t-2 day. In this way the entire
past experience is included in the proposed model.

The second component of the model describes the behaviour of users who, in
emergency conditions, do not reconsider the choice made in ordinary conditions.
Therefore there are a number of users who will repeat the same choice they are
used to making in ordinary conditions. This number is obtained by multiplying:

e (1-a), the probability to not reconsider the choice made in ordinary

conditions, and

e hy"', the path flow on the considered o-d pair in ordinary conditions on

the t-1 day.

The values of o and  have to be calibrated.

After describing the general framework of the proposed model, we are going
to focus our attention on the path choice model in emergency conditions (peq'),
which allows the calculation of the probability to choose a path different to the
one chosen in ordinary conditions. The emergency conditions path choice model
specification must take into account three different elements which influence
users’ choices: first, previous experience, second, real time information, and
third, forecasting based on current experience of the network. These three
elements are introduced through attributes used for model specification.

Another issue to be investigated in relation to the emergency conditions path
choice model specification is related to the mathematical formulation of the
model. It might be the same both in ordinary and emergency conditions:
perceived attribute values in emergency conditions are different to the ones in
ordinary conditions. On the other hand, an alternative mathematical formulation
for the emergency conditions path choice model specification might be assumed,
in order to better describe users’ behaviour in non-ordinary conditions.

In general, a path choice model, as for every demand model, should be
specified on three levels: generation of alternatives (Generation), perception of
choice set/s (Perception), and choice of alternatives into the choice set (Choice).
Several researchers have recently dealt with this issue: the probability that a
generic user chooses route k is calculated in two steps in [27]. In the first step the
choice set is generated (Generation) whereas, in the second step, the choice is
simulated. When F is a set which contains all feasible routes for a generic user
and S is a set which contains all feasible sub-sets I, extracted from F, the
probability that the alternative k is chosen depends on the probability that a
generic user chooses sub-set I (Perception) to which k belongs. Manski [27]
proposes to calculate the probability that a generic user chooses route k by
summing, for all I belonging to S, the product between the probability that a
generic user chooses sub-set I, considering I not empty, and the probability that a
generic user chooses alternative k, related to the choice of sub-set I (Choice). It is
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worth noting that the specification of the three levels explained above is not
always needed, because alternatives are sometimes automatically identified. The
traffic zones, in which the study area is divided, are the alternatives for the
distribution model. Anyway, at the path choice dimension, a considerable
amount of alternatives can be found. So specifying the model throughout three
levels is needed, in order to simulate correctly the perception process. Several
factors make the simulation of the route perception process more complicated
[28-30]: a non-deterministic problem nature, tastes variability caused by
different individual experiences, a considerable amount of alternatives for each
(origin, destination) pair and their overlapping, users’ compliance with
information given by the Advanced Traveller Information System (ATIS) [31-
33)).

5 A dynamic non-equilibrium model formulation

The output obtained from the model proposed in the previous section is hyg' . In
this section the way h,' may be simulated is reported.

Given an origin-destination pair (od), the generalized cost of path k, g, is
assumed to be equal to the path travel time. In this section we are going to focus
our attention on t, which represents the current emergency conditions: for this
reason now superscript t will be omitted.

Preliminarily, it is necessary to introduce some concepts about time:

e t,is the initial time instant;

e 1 is the decision time interval of users at the origin (pre-trip choice);

e T is the reference time instant of decision time interval t (departure
times of all users in t are concentrated in 7 : it could be the left-bound,
the right-bound or the central value).

The travel demand flow on the origin-destination (od) pair, dq), and the
choice probability of path k, pax (now referred to as py for simplicity’s sake)
change with the time instant t* . In particular the choice probability of path k at
time instant t*, py.+, depends on the path cost, g .+, forecasted by the user before
departing from the origin.

At time instant t*, the pre-trip choice made by the user, who does not know
the current transport system conditions, is determined by his/her knowledge of
historical costs experienced in the past. The forecasted costs can be estimated
through a cost updating model.

At equilibrium the transport system is permanently in ordinary conditions so
it can be assumed that costs forecasted by users coincide with the exact current
ones [1]. In emergency conditions the assumptions of equilibrium existence do
not hold because path costs change as a consequence of transport system
modifications.

Cost modifications are due to:

e travel demand modifications, as regards variations of emission,
distribution and mode choice dimensions;
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e transport supply modifications, due to interventions implemented by the
police and/or the damages produced by events occurring on the
transport system.

Supply modifications can influence user path choice. However, the user still
chooses the path also on the basis of his/her historical information even if there
is a high probability that historical costs (in ordinary conditions) differ from
current costs (in emergency conditions). In addition to the historical information,
the user takes into account the current network situation and real time
information, if available.

The path flow related to the considered o-d pair and obtained as the output of
the model proposed in the previous section (h,y') may be thought of as the sum of
travel demand flow on paths k used for trips from the origin o to the destination
d. Therefore, for each decision time instant, t", the travel demand flow on path k,
hy -+, is given by the product between d,q): and py s

hk,r* = pk,r* d(od),r (3)

where
o deg: = [, Zoat) dt is the travel demand flow of the origin-destination
(od) pair at decision time interval T;
®  Zzog(t) is the time-dependent demand function for the (od) pair at
generic time instant t.

In relation to dq):, refer to [7]: the demand analysis for the transportation
system simulation in emergency conditions is treated. Specification and
calibration of models is presented and data achieved from both SP (Stated
Preference) and RP (Revealed Preference) surveys are used [5].

The travel demand flow hy.. along path k departing at time instant T s
distributed at a subsequent instant t (£>1") on the links belonging to path k. It is
possible to determine the probability qak(t| 1) of being on link a belonging to
path k at the time instant t conditional upon the decision (to choose path k) at
time instant .

The probability qak(t| t") depends on traffic conditions or on the evolution of
costs on links belonging to path k from 1" to t (t> t°).

The sum of probabilities qak(t| ") for all links belonging to path k, calculated
at time instant t and for the same time instant t’, is equal to one:

Tek T =1V k t, T (= 1) 4)
Traffic flow on link a at time instant t is given by the sum, for all origin-

destination pairs (od), for all paths containing the link a and for all decision time
instants T~ belonging to the [t,, t] interval, of the products g:5(tl %) hy o+

il = i) Zic: ack Zeocpio, g G (] T) M )
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6 Conclusions

In this paper an analysis of static and dynamic models applied in emergency
conditions was reported. A dynamic algorithm is described in order to find a
dynamic equilibrium solution. In addition to this, a model is proposed in order to
calculate path flows on each o-d pair in emergency conditions: both the
behaviour of users who change their choices in emergency conditions and users
who repeat ordinary conditions choices is simulated. A non-equilibrium model
provides simulation of path flows obtained by the previous step.

Future developments may be related to further specification of the proposed
model and experimentation on a real network.
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